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W I O N A L  ADVISORY COMMITTEZ FOR AERONA~ICS 
ANALYSIS OF CFl?"DESIGI? OPERATION OF HIGH MACH NuMaER 
By Robert E. English and R i c h a r d  H. Cavicchi 
SUMMARY 
For two hypothetical turbojet engines, me of which was designed 
fo r  a f l i g h t  Mach nuniber of 2.5 and the other f o r  3.0, engine operation 
during take-off vas analyzed fo r  four methods of operating the engines 
off-design. These off-design operational methods w e r e  compared on the 
basis of engine thrust, engine specific imgulse, and the operating re- 
quirements which the coqressor  and t u r b h e  m u s t  f u l f i l l .  The  way i n  
which a given engine should be operated off-design  depend^ on the char- 
ac t e r i s t i c s  of its part icular  compressor and turbine. Because the 
characterist ics of each s e t  of ccmponenta wi l l  differ one from another, 
no one mode of operation can be  selected as best for a l l  engines Eand 
operating conditions. This analysis indicates the methods that appear 
most promising and the way in which they can best  be exploited. 
If the compressor is  capable of operation in a constant-geometry 
engine at  equivalent rotational speeds considerably above the design 
value, highest engine th rus t  and highest engine specific impulse a re  
obtained with compressor overspeed operation. Since during such engine 
off-design operation the turbine operates a t  its design point, the tur- 
bine can be designed very near tolerable operating limits. Turbine 
s ta tor  adjustment in c d i n a t i o n  w i t h  compressor overspeeding i s  be t te r  
than turbine s t a t o r  adjustment alone. Engine equivalent rotational 
speed should be raised as much as the compressor-surge characterist ics 
wlll permit, and the. additional  thrust  required  should  then  be  obtained 
by means of a further  increase in turbine-inlet temperature in conibina- 
t i on  w i t h  turbine stator adjustment. If the compressor-surge character- 
i s t i c s  limit the turbine-inlet  temperature t o  values less than the rated 
value, compressor-exit bleed can be used t o  germit  an  additional  rise in  
turbine-inlet temperature. This bleeding can provide relatively large 
amounts of cooling air during take-off operation. The turbine operation 
moves away from limiting  blade loading dur- such off-design operation, 
and the blade-jet  speed  ratio  varies  by a comparatively 8m~l.l amount. 
For the assumed compressor characteristics, increasing engine thrust  by 
means of exhaust-nozzle adjustment requires an increase in turbine size 
and thereby results in rather severe penalties in turbine design-point 
perf   omnce . 
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One  of the principal problems i n  the design of a turbojet engine 
f o r  use a t  high supersonic speeds ( f l igh t  Mach nunibers greater than 2) 
is the Fncorporatirsfl of sufficient operational versati l i ty into the 
engine t o  pr.ovide good engine -perfkmmnce Wing both top-speed f l i gh t  
and take-off, or .lm-speed, flight. High engine thrust  under any f l i gh t  
condition is  obtained by-operating the engine a t  a limit on turbine- 
i n l e t  tenrperature imposed by properties of the engine materials. Pro- 
duction of high engine thrust during both high- and law-speed f l i gh t  
therefore requires that, because of the large variation i n  ram tempera- 
ture,  the engine be operated over a wide range of engine temperature 
r a t io  ( r a t io  of turbine-inlet to compressor-inlet temperatwe). This 
variation in  engine temperature ratio requires that either the compressor 
or turbine, or both, be operated under canditions requiring a wide range 
of internal  flow condltirms. 
In order to azhieve satisfactory operation i n  f l igh t ,  it w a s  sug- 
.. 
gested a t  the NACA Lewis laboratory that high-speed supersonic turbojet  
engines be designed .for the top-speed f U g h t  conditione;  for  other  flight I 
conditions (such as take-off') the turbine-inlet temperature, the  compres- 
sor  equivalent rotational. speed, and the compressor pressure ratio would 
be maintained constant by appropriate adjustment of the turbine stator 
and the exhaust nozzle. Reference 1 showed that this method of engine 
operation is  capable of producing high engine thrust at  low flight 
speeds, but that, for  some turbine design conditions, the turbine m u s t  
operate over a wide range of operating conditions, and the turbine aero- 
dynamic design must be made conservative in order t o  sa t i s fy  the turbine 
off-design requirements. Because the turbine stress an8 turbine-tip 
f rontal   area  are   both  cr i t ical   factors   for  t h i s  high-speed application, 
such compromising of the turbine design is highly undesirable. 
For t h i s  method of ex ine  operation, the range of conditions over 
which t h e  engine must operate requires that t h e  proceas of engine design 
consider a design range rather t h a n  a design point.. In practice, t h a t  
operating condition f o r  which engine perf'ormance i a  most important w i l l  
be most seriously conaidered in t he  englne design; the other operating 
oonditione in t h e  range of design w i l l  generally  only  reetrict o r  qualify 
t h e  engine design. If the designer desires superlative engine perfor- 
mance d u r i n g  hi@-speed flight and if he ig. willing t o  acceFt mediocre 
engine efficiency under other operating oonditiane in order t o  r e a l i z e  
t h i s  superlative high-sped perf'ormance, principal emphases in design 
w i l l  be given the high-speed flight condition. Such is the point of 
view that hae been adopted in  t h i s  report. This high-speed flight con- 
di t ion is  herein referred t o  as the "design-point", and other opemting 
conditions as "off-design". 
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Analysis of other methods of operating engines off-design is  there- 
f o r e   m o r t a n t  i n  order t o  determine whether or not another method of 
engine operation would result  in  production of suff ic ient  engine thrust 
without compromising the turbine design or withou't introduchg  the 
mechanical complexity of turbine stator aajustment. For any method of 
operating an engine off its design condition, one of the essent ia l  
characterist ics  requisite t o  obtainlng high engine thrust  i s  high 
turbine-inlet temperature. In addition to turbine s t a t o r  &dJustment, 
several other operational methods embody this   character is t ic  of high 
turbine-inlet temperature. !Fhe following m e t h d  of engine operation 
off-design were therefore  analyzed and compared at the  NACA Lewis lab- 
oratory: (1) comgressor  overspeeding, (2) exhaust-nozzle  adjustrent in 
combination with compressor overspeeding, (3) compressor-exit bleed with 
or  without compressor overspeeding, and (4) t u rbhe   s t a to r   ad jus tmnt  
with or without compressor overspeeding. The following factors are used 
t o  indicate the relative merits of these methds of off-design operation: 
engine thrust, engine specif ic  impulse (lb-sec of thrust / lb  of fuel), and 
the operating requirements that the compressor and turbine must f u l f i l l .  
This analysis considers that high-speed flight is the condition for which 
the engine is  t o  be de-signed. Engine take-off operation is  the only 
off-design operating condition analyzed and i s  considered  typical of the 
off-design operating condit-lons. 
Operation of a compressor a t  the same actual   rotat ional  speed f o r  
take-off as f o r  flight a t  a design Mach nuuiber of 2.5 or 3 resu l t s  i n  an 
equivalent rotational speed of 130 O r  145 percent, respectively, of the 
value in f l i g h t .  Because of the lack of data on campressor character- 
i s t i c s  a t  130 or  145 percent of design equivalent rotational speed, sev- 
e r a l  sbrplifying assumptions were made regarding the campressor charac- 
t e r i s t i c s  during operation a t  equivalent  rotational speeds above the 
design value (hereinafter called "conq?ressor overspeeding") . In addi- 
t i on  to r e su l t s  based on these assumptions, the  effect  of deviation from 
these assumptions i s  discusged. 
Full-scale compressors cannot currently be operated a t  equivalent 
r o t a t i o n a l  speeds considerably above their design values without accept- 
ing mediocre performance f o r  the design, o r  flight, conditions. The 
analysis presented herein shows w h a t  is gained in engine performance if  
both  capacity f o r  overspeeding and g o d  design-point  performnce  can be 
cod ined   i n  one compressor; it does not consider the revisions necessary 
i n  compressor design techniques in order to   r ea l i ze  such p e r f o r c e .  
SYMBOLS 
The folloving synibols are used i n  this report. The s ta t ion  numbers 
are  delineated in  f igure 1. 
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A 
f 
r 
1 
U 
V 
W 
area, sq f t  
velocity of sound, f t /sec 
f ract ion of mss flow bled a t  compresBoT exit 
work, Btu/lb 
engine thrust, lb 
fue l - a i r   r a t io  a t  e x i t  of primary burner. 
acceleration due to gravity, ft/sec' 
engine specific impulse, Ib-sec/lb fue l  
mechanical equivalent of heat, ft-lb/Btu 
r a t i o  of specific heats f o r  hot gas 
Mach nuniber 
rotat lonal  speed, rpm 
equivalent  rotational .speed, rpm 
pressure, lb/sq ft 
gas constant, ft-lb/( lb) (%) 
radiua, f t  
temperature, 41 
blade speed, f t/sec 
absolute  velocity,  ft/sec - 
weight flow, lb/sec 
density of blade metal, lb/cu ft 
r a t i o  of specific heats for air 
pressure-reduction ratio, p/2l l6  
compressor adiabatic efficiency 
. 
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TT 
703 
e temperature  -reduction rat io ,  T/518.4 
P gas  density, B/CU f t  
d b b d ~ n g  st ress ,  ~ / s q  f t  
turbine  polytropic  efficiency 
loca l  value of compressor pomropic   e f l ic iency  
9 stress-correction  factor for tapered  blades 
SLibscripts : 
C 
cr 
des 
eQ 
h 
j 
T 
t 
X 
0 
1 
2 
3 
4 
5 
comgressor 
c r i t i c a l  or choking 
design, or  high-speed Slight, condition 
equivalent operating condition 
hub 
J e t  
turbine 
tu? 
axial 
f r ee  stream 
cornpressor i n l e t  
compressor exit 
turbine inlet  
ex i t  from turbine ro tor  
e x i t  from &ut nozzle 
Superscript: 
I stagnation state 
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GEXELRAL DISCUSSION OF CIFF-DESIGN OPERATING PROBLZMS 
The method of engine operation which is mechanically the simplest 
is that which does not vary the geometry of the compressor, the turbine, 
or the exhaust-nozzle throat. Such an engine is herein referred to as 
a "coutant-geometry" engine. Under those conditions fo r  which the 
exhaust nozzle is choked, such operation of a nonafterburning engine 
resu l t s  i n  constant turbine-exit equivalent weight flow and constant 
exhaust-nozzle throat area. Under those conditions for which the exhaust 
nozzle is  not choked and i ts  throat area m u t  therefore be adjusted  in 
order t o  maintain constant turbine-exit equivalent weight flow, the term 
constant-geometry-engine operation is still employed. 
. 
For operation of cons.t;Ebnt-geometry turbojet engines over a wide 
range of flight Mach nuniber, two extremes i n  engine operating mode are 
 usual^ considered. These a r e  (1) constant rotational sgeed N and (2) 
constant  equivalent  rotational speed N / f l i .  For an engine designed .I 
for satisfactory high-thrust operatidn during take-off, operation with 
constant  rotational speed resu l t s  in low equivalent  rotational speed  and c 
therefore low equivalent w e i g h t  flow during high-speed flight. The 
turbine-inlet temperature can usually be nraintained near the maximm 
value that the engine lnaterials w i l l  permit over the range of f l i g h t  
Mach number. Although this ty-pe  of operation results in  high engine 
thrust  during low Mach rider flight (e.g., during take-Off), the low 
equfvalent weight flow during high-speed f l i g h t  results in low engine 
thrust .  If the engine is redesigned t o  provide high equivalent air flow 
per unit of engine frontal   area during high-speed flight, operation a t  
constant  rotational speed during law-speed-flight will. resu l t  in  high 
values of equivalent rotational 8pee.d and therefore such high values of 
compressor-inlet Mach nuniber and cmpressor  equivalent w e i g h t  flow that 
the compressor efficiency will decrease. I n  an extreme case, surging 
of the compressor will res t r ic t   the  range of conditions over which con- 
s tant  rotat ional  speed can be maintained. Even though far operation 
with  constant  rotational speed the turbine-inlet temgerature may be kept 
constant, there remains the problem of balancing  the  desirability of high 
equivalent weight flaw during sugersonic flight against  the  undesirability 
of low compressor efficiency or surging during take-off operation. 
The frequently considered alternative of operation with constant 
equivalent rotational speed avoids some of these operating problems but 
creates some new ones. If the compressor is operated a t  a s a l e  point 
on the compressor map (design Values of equivalent rotational speed and 
compressor pressure ratio) f o r  the required range of flight condittone, 
high  equivalent weight flaw c m  be obtained during high-speed flight 
without sacrificing compressor efficiency during take-off operation 
(without turbine stator adjustment). On the other hand, such operation 
with a constant-geometry turbine  requires t&t";t;he -en&ine teqperature 
r a t i o   ( r a t i o  of turbine- inlet  to  coqressor- inlet  temperature) be 
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constant. During take-off, this constant value of engine temperature 
r a t i o  corresponds t o  a turb lne- in le t   t eaera ture  far below the lnaterial 
limit, with the  resul t  that a r e l a t i v e l y  low engine thrust is obtained 
during take-off operation. 
If a penal ty   in  compressor efficiency be accepted  during  take-off 
operation, compressor overspeeding can be   mloyed  t o  produce high en- 
gine t h r u s t  during take-off wtthout resorting to extreme amounts of ad- 
justment of other engine components such as turbine stator or exhaust 
nozzle, o r  to the use of compressor-exit bleed. Wi-thin a l imited range, 
operation at increased equivalent ro t a t iona l  speed Ku1 r e s u l t   i n  in- 
creased weight flow, a trend that tends t o  increase engine t h r u s t .  The 
shaded area t o  the right of the l i n e  of design equivalent rotational speed 
in   f igure  2 is avallable as a region  in which increased engine t h r u s t  might 
be obtained. In order t o  explo i t  th is  region ful ly ,  compressor overspeed- 
ing must be employed i n  couhination with some geometry variation of the 
engine, such as exhaust-nozzle adjustment o r  turbine stator adjustment. 
It is l ike ly  that increasing the amount of compressor overspeeding 
of a constant-geometry engine w i l l  eventually cause the ccaqpressor t o  
surge. Exhaust-nozzle ad,-justment offers a poss ib i l i ty  of operating an 
engine a t  constant equivalent ro t a t iona l  speed and constant t d i n e -  
inlet temperature over a range of fLight Mach nwber. The campressor 
w i l l  then operate over a range.of compressor pressure r a t i o  a t  constant 
equivalent rotational speed. The range over which the compressor m u s t  
operate is i l l u s t r a t ed  on the s-tic ccmgressor map in   f i gu re  3. 
High-speed f l i g h t  corresponds t o  a low engine  teqperature  ratio and thus 
a low congressor pressure r a t i o  a t  design equivalent rotational speed. 
For take-off, the engine temperature r a t i o  and the compressor pressure 
r a t i o  are both high. The required rise in compressor pressure r a t i o  can 
be approximated by  considering the blade-speed line in f igure 3 t o  be 
vertical .  With this assumption, the compressor pressure r a t i o  will rise, 
for example, fYom 4.0 a t  a f l i g h t  Mach number of 2.5 t o  a value of 5.2 
during take-off; i n   a n  actual case,  the r i s e  :‘rn pressure  ra t io  will be 
somewhat less. This typ? of operation offers high engine t h r u s t  dur ing  
both  take-off and high-speed f l i g h t  bu t  may possibly result in low com- 
pressor efficiency and thus low engine specif ic  impulse a t  high flight 
speeds. 
Another scheme for obtaining thrust increases is  the  use of 
compressor-exit bleed. With the compressor operating a t  i ts  design 
point for both high-speed f l i g h t  and take-off, high turbine-inlet  tem- 
perature may be employed during talre-off if gas is removed between the 
compressor and turbine. Engine t h r u s t  can be obtained from both the 
turbine-exhaust gas and the gas bled between the compressor and turbine. 
For flight a t  a Mach nmber of 2.5, operation wlth constant turbine-inlet 
temperature requires bleeding 23 percent of the compressor weight flow 
during take-off operation if the compressor pressure r a t i o  and equivalent 
rotat ional  speed a re  held constant. m u s t - n o z z l e  adjustment is required 
fo r  operation with compressor-exit bleed. 
L 
I 
8 
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Turbine statar adjustment with the cowressor operating at--its 
design point has been suggested a s  a mean8 of realizing some of the 
advantages of operation a t  both constant ro t a t iona l  speed and constant 
equivalent rotational speed. By means of turbine stator adjustment, 
high comgressor equivalent weight flow can be obtained during high- 
speed flight in conkination w i t h  high turbine-inlet  temperature and high 
compressor efficiency during take-off. The disadvantages of turbine 
s t a to r  adjustment a r e  (1) mechanical complexity, (2) penalties ~n tur- 
bine  efficiency  associated  with off -design operation, and (3) penalties 
in turbine design-point performance f o r  some ranges of' design conaitioas 
(see ref.  1) . Exhaust-nozzle adguetment is also required for operation 
with turbine stator adjustment. 
The general problem of engine  off -design operation has s o  far been 
related only t o  the compressor, whereas opers thg  problems associated 
with the turbine a l s o  a f fec t  the selection of engine operating mode. 
One turbine  operating problem is associated with increaeing exhaust- 
nozzle area. A s  the exhaust-nozzle area is  increased, the turbine-exit 
equivalent weight flow r i se s  and approaches a limiting value, which is  
about 10 percent lese then the equivalent weight flow that chokes the 
turbine annulus. Be-use increasing exhaust-nozzle axe8 corresponds t o  
increasing turbine-exit weight flow, modes of engine operation that 
require increasing exhaust-nozzle area during off-design operation are 
limited in the i r  range of application f o r  turbines of a given design 
configuration. The operating r w e  of an engine requiring exhaust- 
nozzle adjustment can be extended by redesigning the turbine for 
increased exit annular area., bu t  such a change i n  design inposes a 
penalty on size and centrifugal  stress of the turbine and thereby 
impairs engine design-point performance.. In applying turbine stator 
adjustment in engine operation, several turbine problems wlll r e s t r i c t  
the range of engine operation off -design: (1) The turbine efficiency 
m y  fall  t o  an undesirably low value; (2) the turbine may be incapable 
of paseing the required equivalent weight flow at high engine tempera- 
ture ratios; (3) the turbine might be incapable of producing the 
required work. 
The way in which a given engine should be operated off-design 
depends on the characteristics of i t s  particular compressor and turbine. 
Because the characterist ics of each s e t  of components w i l l  d i f fe r  one 
from another, no one mode of operation can be selected as best  f o r  a l l  
eng5nes and operating conditions. There i s  a need,  however, for an 
indication as t o  which methods appear t o  be most promising and the way 
in  which they can best  be exploited. 
4 
r, 
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Assigned Engine Design Conditions 
Since no general way w a s  found t o  r e l a t e  changes Fn engine perform- 
ance and changes in  compressor and turbine operating requirements, the 
off-design study w a s  r e s t r i c t ed   t o  two se t s  of engine design conditions, 
which are summarized in  the  following  table: 
Compressor 
pressure  inlet I Turbine- 
temperature, I I $1 3.0 3000 
The compressor-inlet  axial  Wch nuuiber (Vda) and the compressor 
adiabatic efficiency qc f o r  both conditions are 0.5 and 0.85, respec- 
t ive ly .  
Assumptions 
The compressors were assumed t o  have the following off-design char- 
ac te r i s t ics :  (1) compressor work per pound of air proportional to the 
blade speed squared, and (2) axial  veloci ty  a t  compressor entrance pro- 
portional  to  blade speed f o r  sLibsonic values' of inlet axial  velocity. 
For a constant-geometry turbine (without turbine stator adjustment), the 
turbine-inlet equivalent weight f l o w  w3 m / 6 2  was assumed t o  be 
constant. The e f fec t  of variation of f u e l  addition on continuity uas 
neglected. For take-off, the following values of vmious parameters 
were assumed: 
Turbine polytropic  efficiency, . . . . . . . . . . . . . . . .  0.85 
Burner stagnation-pressure ratio, pi/pk . . . . . . . . . . . . .  0.90 
Ratio of specif ic  heats f o r  compressor, y . . . . . . . . . . . .  1.40 
R a t i o  of specific  heats  for  turbine, k . . . . . . . . . . . . .  1.30 
In l e t  d i f f u s e r  pressure ra t io ,  pi/p; . . . . . . . . . . . . . .  1.00 
The assued compressor character is t ics   affect   the  compressor per- 
formance i n  the following way: The assumption that the comgressor work 
depends on blade speed and not on pressure  ratio results in a trend in 
compressor efficiency  such that the higher 'the compressor pressure r a t i o  
a t  any given equivalent rotational speed, the higher the compressor 
10 NACA RM E53J01 
efficiency. In &fl actual  compressor, the trend of compressor efficiency 
for any given equivalent rotational speed i s  such that the efficiency 
rises, levels off as the surge line is approached, and then decreases 
sl ightly.  Thus, the  assurQtion tba t ' t he  compressor-work is proportional 
to  the  square of the blade speed makes high compressor pressure ratio 
appear somewhat more favorable than w i l l  actually be the case. 
E\ rr 
K 
C 
T h e  assumption that the comgressor-inlet axial velocity is  propor- 
t i o n a l   t o  the blade speed resul ts  i n  a constant rotor-inlet relative 
angle as the blade speed variG6 f o r  s compressor with no inlet guide. 
vanes. In an a c t w l  &se, the rotor- i&t  re i i t ive angle varies so 
that the angle of attack on the  rotor blades increases B t  low blade 
speeds and decreases a t  high blade speeds. T h i s  variation in angle of 
attack w i l l  very likely resu l t  i n  losses i n  compressor efficiency, 
especial ly  in  the high range of rotor-inlet  Mach number. A s  compres- 
sor  pressure  ratio  increases- a t  c~nstant   equivalent  blade speed, the 
compressor equ iva lk t  weight flow decreas-es-.and the surge l ine  is n 
approached. A6 a r e s u l t - o f t h e  assumed re la t ion  between in l e t  ax ia l  
velocity and blade speed, the equivalent weight flow is independent of 
the compressor pressure rat io .  For these r e a B m ,  the assumed compres- 
sor  characterist ics correspond t o  a smaller r i s e   i n  equivalent weight 
flow with rising  equivalent b l a b  speed than will actually occur. 
4 
Comgressor Overspeeding 
Compressor characteristics. - Operation of an engine a t  canstant 
rotat ional  speed over a range of flight-conditions results Fn variation 
i n  compressor equivalent rotational speed. Flight 8t"ach nunibere high 
enough t o   r e s u l m  a ram temperature peater than 518.4O R produces an 
ac tua l   ro t a t ionaspeed  " greater  than  the  equivalent  rotational speed. 
. -  . .  
", 
The m e r  in which U 
u / f i  
rises with f l i g h t  Mach nmiber is  shown in 
figure 4. " I d s  r a t io  is  of some consequence f crr  the following reasons : 
If an engine is operated a t  constant rotational speed, this r a t i o  is 
numerically equal t o   t h e . r a t i o  of the equivalent rotational speed for  
take-off t o  the equivalent rotational speed for the design, or   f l igh t ,  
codlition. The r a t i o  is  therefore- a, meas.we of the amount by 
which, duridg take-off, the conrgressor m u s t  exceed its design equivalent 
rotational speed if the engine is t o  be operated .at coristant actual 
rotational speed. For flight Mach nmbers of 2.5 and 3.0, t h i a . r a t i o  has 
the values 1.30 and 1.45, respectively; in other words, for  conshnt-  
rotational-speed  operation, these engines  wiU.exceed their design  equiv- . 
alent  rotat ional  speeds by 30 and 45 percent, respectively. These num- 
bers, along w i t h  the resul t s  of reference 1, -indicate the extre&e range 
of' conditions  over which high-speed supersonic  turbojets may be required L 
t o  operate. - - . . . .  - .  . 
i
u/ . .  
- .  . . " 
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Within the limits of the simplifying assumptions, the manner in 
which t h i s  overspeeding may be expected t o   a f f e c t   t h e  compressor equiv- 
alent weight flow w 1 q / 6 i  may be determined by considering 
w = pVA 
and  assumgtion (2) .  From this consideration, 
* 
1, des 
1 
li' 
Equation (1) is p lo t ted  in  figure 5(a) for  three values of design 
compressor-inlet  axial Mach  number (Vx/a)l,des. For values of design 
compressor-inlet axial Mach number of 0.3 and 0.5, the ratio of the 
equivalent weight flows rises continually  with  rising  equivalent  blade 
speed over the  range presented in  figure 5( a). For a value of design 
compressor-inlet axial..Mach .nmw o f  .$._'I, on the  other hand, the equiv- 
a lent  weight flow rises and reaches a maximum a t  aa equivalent blade- 
speed r a t i o  of 1.37; a t  this point, the compressor-inlet axial Mach nu- 
ber equals 1.0. 
The effect of compressor overspeeding on compressor pressure  ratio 
pk/pi can be assessed from the equation for continuity of mass flow: 
. .  . .  . . 
Under the assumptions that (l+f)J turbine-inlet eqUfVslent  weight 
flow w3 m/6iJ and burner pressure r a t i o  pg/p;! do not vary, and with 
the additional condition that the fract ion of gas 61ed b is constant, 
equation ( 2 )  reduces t o  
If it is postulated that the turbine pressure ratio p;/p; is  Cons-tJ 
then the turbine work % is proportional to the turbine-inlet tenqer- 
ature T3, or 
12 
Since 
and, as assumed, 
- 
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%(1-b) (l+f) Ec 
E, - Uz 
then equations (3) t o  (6) may be combined t o  yield 
Equation (7)  is plotted in figure .5(b) lor three values of design 
compressor-inlet axial Mach nuniber (Vx/a)l,aes: 0.3, 0.5, and 0.7. 
For each value, the compressor pressure ratio rises continually, almost 
- . "" 
c 
L 
U/*i 
l inearly, with compressor equivalent blade-speed r a t i o  
P:/P: ( U / m a e s  
The r a t i o  of comgressor pressure ratios ~* i s  seen t o  be lnde- 
pendent of the design pressure .ratio (p;/pi)&, . For a value of design 
compressor-inlet axial Mach nuniber of-0.5 , the compressor pressure  ratio 
r i s e s   t o  1.55 and 1.82 times the design value for compressor overspeede 
of 30 and 45 percent, respectively. 
Pi '1 des 
The specified operating conditions will l a t e r  be sham to  duplicate 
the conditions for constant-geometry-engine operation. By combining the 
data of figure 5, constant-gemtry-engine operating lines may be drawn 
on compressor-map coor"bes as shown Ln figures 6 and 7. As a resu l t  
of the assumed relat ion between blade speed. and- compressor-Met axial 
velocity, the compressor equivalent  weight flow wl@/Fi i s  independ- 
ent of compressor pressure  ratio  ps/p  (see eq. (1)); t h  
constant compressor equivalent blade-speed r a t i o  
ver t ica l  in  figure 6. As  a typ ica l  resu l t  from figure 6(b), the campres- 
sor pressure  ra t io  varies from 3 t o  5.5 as the compressor equivalent 
blade-speed r a t i o  rises from unity t o  1.45 fo r  a compressor design having .. 
a design value of c q r e s s o r - i n l e t  axial Mach number of 0.5 and a design 
compressor pressure ratio. of 3 .O. I n  figure 7, raising the design 
value of compressor-inlet a x i a l  Mach number decr&ases the rate a t  which 
compressor pressure   ra t io- r i ses  w i t h  compressor equivalent blade-speed 
rat io .  . - 
2 1  u / n e  lines are Of thus  
('/ f l i )  des 
c 
-- . .. - - - "" 
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Within the limits of the simplifying assumptions, .the conditions 
specuied  r e s u l t  i n  certafn values of compressor efficiency; that is, 
the value of compressor efficiency is dependent upon the compressor 
characteristics already specified. These values of efficiency are 
indicative of the  efficiency that congmeseors will be required  to  have 
during overspeed operation. If a par t icular  range of design conditions 
requires that the compressor efficiency rise for  equivalent  rotational 
speeds above the design value, the compressor operating requirements 
w i l l  be d i f f i c u l t  or inpossLble t o   f u l f i l l  without  accepting a penalty 
i n  compressor design-point efficiency. If, on the other hand, the  
required efficiency falls with  rising  equivalent speed, the compressor 
requirements a re  easier t o   s a t i s f y .  
The compressor adiabatic efficiency may be stated as 
y-l 
Y 
= 
%,des 
(2)' - l 
I 
y-l 
Y 
Variation i n  compressor-adiabatic-efficiency  ratio /y along 
the  constant -geometry-engine operating  line is p lo t t ed   i n  figure 8 (a) 
for four values of design compressor pressure  ra t io  at a campressor- 
i n l e t  axial Mach  number of 0.5; f igure 8(b) is a s i m i l a r  p lo t  made fo r  
three values of design compressor-inlet axial Mach number a t  a design 
compressor pressure ratio of 3.0. In general, required courpressor- 
efficiency ratio decreases with increasing compressor equivalent 
blade-speed r a t io ,  with the exception of the lowest compressor pres- 
s u r e  r a t i o   i n  figure 8(a). The higher the values of design compressor 
pressure  ratio and design compressor-inlet ax ia l  Mach number, the 
more rapid is the decrease in   coqressor   eff ic iency with couqressor 
equivalent blade speed. For a design comgressor pressure ratio of  
3.0 and design compressor-inlet axial Mach number of 0.3 ( f ig .  8(b)) ,  
required compressor efficiency shows i n i t i a l l y  no change with rising 
c c,des 
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equivalent blade speed. For a design compres.sor pressure rertio of 2 .0  
and design co-mpressor-inlet axial Mach  number of 0.5 ( f ig .  8(a)), the 
trend of required compressor efficiency with equivalent blade speed 
reverses, climbing by 5 percent above the design valuesi-after a com- 
pressor equivalent blade-speed. r a t i o  of  1 .2  i s  olftained, the required 
compressor efficiency decreases as for the other cases. 
In practice,  contrary to the assumptions herein, the compressor 
equivalent  blade  speed and pressure  ratio  could  not be increased  along N 
the constant-geometry-engine  operating l ine  almost  without limit. Even- w 
tually compressor-surging would be encountered along the constant- 
geometry-engine operating iine, and engine tg.Fation a t  this or higher 
blade speeds would not be practical .  The vaIue of compressor equivalent 
bhde-speed  ratio a t  which surging i s  first encountered w i l l  depend t o  
some extent on the location of the operating line on the compressor map; 
or, t o  express the same thought i n  another way, if  the required compressor 
efficiency drops along  the  aperating  line, surging might be  forestalled. 
If the engine design point is at  the  point of maximum con~reesor   eff i -  
ciency, the required compressor-efficiency cannot have the rising  trend 
shown in figure 8(a) j the compressor will reg is te r  by sukging that a - 
too-high efficiency (or pressure ratio) is required of it. A design- 
point compessor efficiency less than the maximum could be selected, of 
course, but that would penalize  the  design-point  performnce. 
From the forego- analysis, the selection of  values for design 
compressor presswe  ra t io  and design compressor-inlet axial Mach number 
appears t o  affect the trend of required compressor efficiency along the 
constant-geometry-engine operating line. Compressor designers may fFnd 
it useful to know something of the trend of compressor polytropic effi- 
ciency w i t h  compressor equivalent blade. speed  along  the  operating  line. 
The required value of compressor poly-trqdc efficiency is a measure of 
the d i f f icu l ty  of obtaining each smas1 increment of compression. For a 
small increment of compression, 
Far the assumed re la t ion  between compressor work and blade s-peed, 
.L 
By colnbining equations ( 11, (7), (lo), and ( 11>, . 
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"he polytropic efficiency qo3 in equation (12) is a local value and not 
an.average value of polytropic efficiency such a s  i s  usually considered. 
Equation ( 1 2 )  is p lo t ted   in   f igure  9 f o r  three values of design 
c q r e s s o r - i n l e t  a x i a l  Mach  nuniber ( V d a )  l,aes. In  order t o  r e l a t e  
campressor temperature r a t i o  T;/T; and  compressor pressure r a t i o  
p;/p> &z1 adiabatic efficiency q of 0.85 was used in preparation of 
figure 9; the resul t  of t h i s   a s s i m n t  of adiabatic efficiency is that, 
even though equation (l2) is a general equation, figure 9 must be con- 
sidered as representing design-point conditions in order to be consistent 
w i t h  the assumptions in  the  rest of the analysis. Values of loca lpoly-  
tropic efficiency qco greater than 1.0 w e r e  considered t o  be outside the 
range of in te res t  and therefore were not plotted i n  figure 9; examination 
of equation (l2) indicates that as the compressor temperature r a t i o  
C 
approaches 1.0, the local polytropic efficiency qco approaches 
in f in i ty   fo r  any f i n i t e  value of compressor-inlet axial Mach n-er. 
Figure 9 shqys-that for  a &sign compressor-inlet axial Mach n&er of 
0.5, the local polytropic efficiency qw is less than 1.0 only fo r  
design pressure ratios greater than 2.4, and less than 0.9 f o r  pressure 
ratios greater than 2.7. 
The mnner i n  which the local polytropic efficiency q varies 
along the constant-geometry-engine operating l i n e  can be deremined by 
combining equations (6) and ( 1 2 )  : 
= 1  
For a value of design coTrgressOr-inlet ax ia l  Mach number of 0.5, eque- 
t i on  (13) is  plot ted in  f igure 10. For the assmd variation in-com- 
pressor weight flow and work with compressor blade speed, the  local  value 
of polytropic  efficiency  varies over a wide range. For a design 
compressor pressure  ratio y p  I/p 1 )  of 2 .O, the value of local 
2 1 des 
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polytropic  efficiency is  above 1.0 a t  the design  point an dimin- 
ishes  to  1.0 a t  a compressor equivalent  blade-speed r a t i o  u 4 n i  
des 
of 1-10; these high values of local polytropic efficiency are reflected 
in  f igure 8(a)  as a rise i n  compressor adiabatic efficiency qc above 
the design value for compressor equivalent blade-speed ratios slightly 
greater than 1.0. A s  the design compressor pressure ratio i s  increased, 
the local polytropic efficiency has more pract ical  values; for a com- 
pressor design pressure r a t i o  of 2.39, the local polytropic efficiency 
does not exceed 1.0 fir blade-speed ra t ios  @-&?iter than 1.0. If the 
co~pressor design pressure ratio is  3.0, the local polytropic efficiency 
is  required t o  be only 0.82 a t  design blade speed and less than 0.60 fo r  
compressor equivalent blade-speed ratios greater than 1.2. Even though 
the compressor designer may not be able t o  guarantee a range of over- 
speed operation, these values of local polytropic efficiency indicate 
the degree of d i f f icu l ty  of obtaining the required overspeed 
perf   omnce.  . .  " .. . . .  
Turbine characterist ics.  - A sufficient nmiber of conditions affect- 
i n g  the compressor and turbine has already been specified t o  permit 
determining the turbine design requirements. As was postulated Fn 
equation (41, the turbine pressure r a t i o  is maintained conetant along the 
constant-geometry-engine  operatFng line. U n d e r  this conaition, turbine 
work % i s  proportional  to the turbine-inlet  emperature TA. With 
the compressor, and thus turbine, work proportional t o  the blade speed 
squared, the turbine equivalent  blade speed U / e  is constant. Con- 
stant  turbine  pressure  ratio and equivalent blade speed correspond t o  
turbine operation a t  a single point on the  turbine  perfomnce map; not 
only i s  the turbine equivalent operating condition constant as engine 
speed is  changed during take-off operation, but also the turbine operates 
a t  this one condition during flight as well. 
For t h i s  method of operation, the turbine can thus  be  cr i t ical  in  
aerodynamic design with the assur&nce that dura engine off-design 
operation the turbine operating requ-lrements w i l l  not become more severe. 
As shown i n  reference 1, aome engine design conditions require comprmis- 
ing the turbine design if the engine is equipped with adjustable turbine 
stators,  in  order t o  permit operation a t  a single point on the compres- 
sor map. Compressor overspeeding appears t o  offer a way t o  overcome this 
operational  Ciifficulty a t  least par t ia l ly .  
For operatian of a turbine a t  a s h g l e  equivalent operating condi- 
tion, the turbFne-exFt  equivalent w e i g h t  flow w 4 f l g S i  is constant. 
A choked exhaust nozzle that is  part of a nonafterburning turbojet 
engine w-ill have i t s  throat area kept  constmt  in  order  to pass this  con- 
stant  equivalent weight flow. 
. 
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Engine Performance. - In addition t o  .the manner i n  which compressor 
overspeeding af fec ts  compressor and turbine operating requirements, the 
result ing engine perfornvance m u s t  a l so  be. investigated. In order t o  
simplify the presentation of engine performance, an equivalent operating 
condition is defined j u s t  as in reference 1. If variations in Reynolds 
number, specific heats, and (l+f) may be  neglected,  there is, corre- 
sponding to  the  f l ight  or  design  condition, a homologous condition f o r  
take-off  such  that  the  folluwing  factors  are a l l  constant between take- 
off and f l i gh t :  engine  temperature r a t i o  T g T i ,  compressor pressure 
r a t i o  p;/pi, cmpressor  equivalent  blade speed U / f i i ,  compressor 
equivalent weight flow' w16i/6i, turbine pressure ratio p;/p;, and 
turbine equivalent blade speed U/-. This part icular  take-off con- 
d i t ion  i s  herein  referred t o  as "the equivalent operating condition." 
For both engines analyzed, the compressor-inlet axial Mach nuniber 
was assigned the design value of 0.5, a mcderately conservative value. 
The conkination of this campressor-inlet axial h k c h  number with a 
compressor-inlet hub-tip radius r a t i o  of 0.5 resu l t s  i n  a compressor 
weight flow of 27.7 pounds of air  per second per quare foo t  of 
compressor-tip frontal area. Reference 2 indicates that, even f o r  
extreme turbine design, a one-stage turbine is incapable of handling 
mre than t h i s  much air flow a t  high supersonic speeds. In reference 2, 
f igure l (c)  approxt tes  the condi t ions for  extreme turbine design at  a 
flight Mach n W e r  of 3 and a turbine-inlet  temperature of 3oOo0 R. If 
the compressor pressure  ratio is 3 and the turbine blade-tip equivalent 
speed U t / f l i  is 1200 feet  per  second, the turbine can pass 27.5 pounds 
of air per second per square foot of turbine-tip frontal area- Because 
an equivalent t i p  speed of I200 f e e t  per second i s  an a c t u a l   t i p  speed of 
1740 feet   per  second under these conditions, it i s  doubtful that within 
limits imposed by centrifugal stress a c d i n a t i o n  of air  flow and blade- 
t i p  speed even t h i s  high could be employed. As reference 2 shows, 
sugerior air-handling  capacity and lower blade speed could be obtained 
by using a two-stage turbine. On the other hand, a p r imry  burner de- 
signed f o r  an M e t  velocity of 150 feet   per second cannot handle under 
the  assigned  conditions even as much air per -Fit frontal area as a one- 
stage turbFne. For these reasons, a design value of congressor-inlet 
Mach nmber of 0.5 was thought t o  be high enough for the  applications 
being considered. 
For the conditions assumed herein, 
c 
0 
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Equations (14) and (E) w e r e  evaluated for a range of compressor equiv- 
a lent  blade-speed rat io ,  and the resul ts   are   presented  in   f igures  11 and 12. For both the Mach 2.5 and the Mach 3.0 engines, the engine thrust  
a t  rated turbine-inlet  teqperature is more than   t r ip le   the   th rus t   a t   the  
equivalent operating condition. The r i s e s  i n  th rus t  are a resu l t  of 
changes i n  three factors:  turbine-inlet  temperature, weight flow, and 
campressor pressure ratio. For the Mach 3.0 engine, for example, the 
r i s e  i n  thrus t  ra t io  F/Feq *om 1.0 t o  3.1 resul ts  from a 26-percent 
rise i n  air flow, a 125-percent rise i n  thrust per unit a i r  flow due t o  
increased turbine-inlet temperature, and a 9-percent increase i n  thrwt 
per unit a i r  flow due t o  increased  co~pressor  pressure  ratio 
(1.26X 2.25X 1-09 P 3.1). The rises i n  turbine-inlet temperature, 
w e i g h t  flow, and compressor pressure ratio result  in a greater increase 
i n  engine thrust than could be obained  by  increasing  turbine-inlet tem- 
perature alone and adjusting the turbine.s ta tor .  
Figure 12(a) shows that,  for the Mach 2.5 engine, the effect of a 
rise i n  engine thrust  above that a t  the equivalent operating condition 
is at first to  ra ise  the engine specffiainrpulse. Further increase i n  en- 
gine t h r u s t  is accompanied by decreasing engine specific-iuqulse ratio; at 
rated turbine-inlet temperature fo r  t h i s  engine, the value of engine spe- 
i f i c  impulse returns  to  its value at the equivalent operating condition. 
For the Mach 3.0 engine ( f ig .  12(b) ) ,  engine specific impulse immediately 
drops off i n  vaLue.as the erigine thrust is increased; a t  ra ted turbine-  
i n l e t  temperatur.e.for t h i s  engine, the engine specific,inrpulse has fallen 
off to 70 percent of i t s  value-at the.equivalent operating condition. 
Since, for constant-geometry-engine operation, the turbine equiv- 
alent blade speed . U / f i i  is constant, operation w i t h  constant turbine- 
in l e t  temperature Ti results  in  constant blade speed.  Constant  blade 
speed corresponds t o  constant centrifugal stress. A n  engine operated i n  
t h i s  way would thus produce the geatest  thrwt of which it is c a p b l e  
within limits imposed by material properties. Engine operation would be 
s implif ied  in  that the engine rotational speed would remain constant; 
and, for those flight Mach nmibers high enough t o  cause choking of the 
exhaust nozzle, the exhaust-nozzle throat area. would be constant. 
Exhaust-Nozzle Adjustment 
It seems highly probable that as the equivalent rotational speed of 
any constant-geometry engine is continually increased above the design 
value, an equivalent rotational speed and turbine-inlet temperature will 
eventually be reached a t  which compressor surging will occur. Exhaus t -  
nozzle adjustment my offer some re l i e f  by  permitting  operation a t  even 
higher t h r u s t  levels without surging the compressor. For any given 
. 
hl 
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engine equivalent r o t a t i o n a l  speed, opening the exhaust-nozzle throat 
conatant engine equivalent r o t a t i o n a l  speed. As equation (3) shows, 
t h i s  w i l l  reduce the compressor pressure r a t i o  and thus move the com- 
pressor away from the  surge limit. 
- will permit  decreasing  the  turbine-inlet  temperature  while  maintaining 
CN 
0 w 
ir 
On the other hand, opening the exhaust nozzle will increase the 
turbine-exit equivalent weight flow and thereby move the  turbine toward 
the blade-loading limit. Limiting blade loading is  a condition f i r s t  
investigated in reference 3 and, f o r  blades of conventional design, con- 
s t i t u t e s  a fundamental limit on turbine work. Reference 4 re lates  the 
blade-loading limit to the  turbine-exit  axial Mach number and thereby 
to the turbine-exit  equivalent weight flow. Limiting blade loading 
manifests i t s e l f  as an engine qperating problem i n   t h e  following way: 
If , for   an  engine t o  be operated a t  constant  equivalent  rotational 
speed, the engine temperature r a t i o  is  gradually decreased, the turbine 
pressure  ratio m u s t  be  increased  by opening the exhaust nozzle i n  order 
that the  turbine w i l l  produce enough torque t o  keep the engine from 
slowing down. If this trend is  continued, a turbine operating condition 
will eventually be reachedbeyond which any further  reduction in  engine 
temperature r a t i o  wil r e su l t  i n  a drop i n  engine  equivalent  rotational 
speed despite an increase in turbine pressure ratio. For th i s  turbine 
operating condition, the blade-loading limit has been reached. Refer- 
ence 4 r e l a t e s   t h e   b l a d e - l o w  limit to the  turbine-exit  axial Mach 
n W e r  and thereby t o  the turbine-exTt critical area Acr,4. I n  order 
t o  operate  within  the  l imiting  axial  Mch nmber of 0.7 specified i n  
reference 4, the   actual  exit annular area must be made a t  least 10 per- 
cent greater than the turbine-exit critical area. Equation (11) of 
reference 1 sta tes  that 
In order  to produce a given amount of work, a certain minimum blade-hub 
speed is  required. For specified values of centrifugal stress 6, blade- 
htib speed uh, aid taper factor $, the particular value of hub-tip 
radius ratio may be determined from this equation. For this  par t icular  
value of hub-tip rad ius  ratio,  the turbine-tip frontal  area is d i rec t ly  
proportional to the annular area.. For t h i s  reason, if  the requirements 
of off  -design  operation  dictate that the  turbine  annular area be 
increased above the value required for satisfactory design-point oper- 
ation, the engine thrust per unit turbine frontal area for design-point 
operation is thereby diminished in inverse proportion to the required 
value of e x i t  annular area. At the blade-load- limit, the turbine- 
ex i t  critical area Acr,a is a direct  measure of the exit annular area 
and thus  of the  f rontal  area. 
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The manner i n  which exhaust-nozzle aajustment may produce increased 
engine thrust &ring take-off may be described as follows: A t  any given 
engine equivalent ratational speed, maxFmum .?Amst i s  obtained by oper- 
a t ing a t  the highest  turbine-inlet  teqerature  permissible within the 
surge limit; this means small exhaust-nozzle areas, and compressor pres- 
sure r a t io s  as high as compressor surge will permit. On the other hand, 
a t  the point on the canpressor map where the compressor surge l ine  
crosses the constant-geometry-engine operating line, the thrust  of a 
constant-geometry  engine  reaches a limit. T h i s  point i s  denoted as Eu 
point A i n  figure 13, which i s  a sketch  representag the effect of- 
exhaust-nozzle adJustment i n  combination with campressor overspeeding 
on engine thrust during take-off:. It may be possible to obtain higher 
engine thrust off the constant-geometry-eIigine operating  line by raising 
engine equivalent rotational speed. Higher equivalent rotational speed 
w i l l  r e su l t  in higher equivalent w e i g h t  flow and thereby possibly higher 
thrust. If the compressor surge line intersects the constant-geometry- 
engine  operating line a t  a ~ m ~ l l  acute  angle,  the  turbine-inlet tempera- * 
ture m y  even possibly be increased within the surge limlt. Point A in  
figure =(a) i l l u s t r a t e s  such a situation. Increasing the equivalent 
rotational speed t o  operate a t  point B assures a thrust increase over 
operation a t  point A, because both a higher engine temperature r a t i o  and 
a higher equivalent w e i g h t  flow are attained. If, on the other hand, 
the compressor surge line and constant-geometry-engine operating line 
intersect a t  a large acute angle, as i l lustrated  by  point A in fig- 
ure l3(b), it cannot readily be seen whether increasing the equivalent 
rotat ional  speed t o  operate a t  point C will yield a thrust  increase  or 
not. Any. increase in engine thrust  i n  changing operating points from A 
t o  C would be contingent upon whether the increase in equivalent weight 
flow is sufficiently  great t o  offset  the decrease Fn engine temperature 
ra t io .  If the slope of We compressor surge l ine  is much less  than in  
figure l3(b),  it can easily be imagined that increasing the equivalent 
rotational speed from point A t o  C could be t o  no avail,  since  the 
decrease i n  engine temperature r a t i o  might well  offset  the r ise in  . 
equivalent weight flow. 
: 
Whether or not exhaust-nozzle adjustment will resu l t  i n  a sufficient 
increase in engine thrust during take-off to offset  the- tendency toward 
limiting blade loading in the turbine thus depends on the compressor- 
surge characterist ics.  A quantitative evaluation of the .changes i n  
engine thrust and turbine-exit annular area is  presented i n  order that, 
for a prescribed compressor-surge characteristic, the merits of exhaust- 
nozzle adjustment m y  be ascertained. 
--. 
Turbine des ign  requirements. - For the assumed conditions, a given 
engine rotat ional  speed corresponds t o  a given turbine work output E~J, 
the work output being proportional to. the bUde sp-eed squared. The tur- 
bine  blade-  jet speed r a t i o  i s  therefore  constant  for 'any given engine- 
and independent of exhaust-nozzle adjustment. Operation along the 
. 
- 
NACA RM E53J01 21 
constant-geometry operating line corresponds to constant turbine equiv- 
a lent  rotat ional  speed. A t  any compressor equivalent ro t a t iona l  speed, 
opening the exhaust nozzle requires a decrease in   turbine- inlet  t e m p e r -  
a ture  and thereby increases the turbine equivalent rotational speed. It 
maybe inferred from equation (24) of reference 5 that t h i s   r i s e  i n  
equivalent blade speed corresponds t o  decreasing rotor-entrance Mach 
n W e r  and increasing  acceleration  across  the  rotor, both trends being 
conservative. 
I 
8 The  minimum turbine-exit  annular area, that value of area a t  w h i c h  
% limiting  blade loaang is  obtained, is direct ly   proport ional   to   the 
turbine-exit equivalent weight fluw. Far a stress-limited turbFne 
design, such as will very likely be required f o r  these high-supersonic 
flight speeds, opening the ex?must nozzle from the sett ing for take-off 
operation on the constant-geometry-engine operating  line w i l l  therefore 
require an increase in  turbine-exi t  annular area and f r o n t a l  area. The 
turbine-exit  annular area should be  selected  to pass sa t i s fac tor i ly   the  
maximm tuxdine-exit  equivalent weight flow that w i l l  be encountered 
over the range of engine operation. 
Engine performance. - Lines of constant engine thrust r a t i o  F/Feq 
are  shown on the canpressor map in figure 14 along with the constant- 
geometry-engine operating line. The selection of an operating condition 
in   f igure 14 corresponding t o  mximum thrust is i l l u s t r a t ed  inf i g -  
ure 15. One of the l ines  of constant  engine t h r u s t  r a t i o  F/Feq is 
tangent t o  the surge line; t h i s  point of tangency represents the oper- 
ating  condition a t  which the nraximum engine t h r u s t  can be produced by 
means of exhaust-nozzle adjustment. If one of the l ines  of constant 
engine thrust r a t i o  as &awn i n  figure 14 does not happen t o  be tangent 
t o  a particular surge line, the operating point f o r  maximum t h r u s t  can 
be determined in the following way: If a t  any given point on the com- 
pressor map the surge l ine  has a slope greater than that of the l ine  of 
constant engine th rus t  r a t i o  at  that point, engine t h r u s t  can be 
increased  by adjusting the exhaust aozzle  a d  raising the engine speed, 
following the surge l i ne  until it becomes pa ra l l e l  with the Lines of 
constant engine t h r u s t  ra t io .  
The var ia t ion in  turbine-exi t  c5t ical-area ratio (A/Ades)cr,4 is 
shown in  figure 16. Since, at the blade-lcading limit, both the turbine- 
exit annular area and turbine- t ip   f rontal   area  ( for  a given centrifugal 
s t ress  in the rotor blades) are direct ly   proport ional   to  the turbine- 
exi t  cr i t ical-area ra t io ,  the curves in f igure 16 a lso can be interpreted 
as  showing changes i n   t h e  values of minimum turbine-exit annular area 
and turbine- t ip  f rontal  area. Figure 16 shows, that, f o r  any given 
coqressor equivalent w e i g h t  flaw (a   l ine  & constant compressor equiv- 
alent blade speed i n   f i g .  16), highest engine thrust is obtained with 
+.he slnallest usable exhaust-nozzle area. 
- .. 
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The thrust-area factor - - can be used t o  determine 
Feq \?8)cr,4 
under w h a t  conditions highest engine thrust per mxLt turbine-tip frontal 
area i s  obtained; the value of the thrust-area factor is proportional to 
engine thrust   per   uni t  turb&ne f ron ta l  area for a stress-limited turbine 
design. Line& of consta.nt engine thrust-area factor are plotted on the 
coordinates of the compressor map along w i t h  the constant-geometry-engke 
operat ing l ine in  f igure 17. If a t  any point on the compressor map the 
slope of the surge line is greater than the slope of the lines of con- 
stant thrust-area factor, higher take-off Wuet for a turbine of 'a 
given s i z e  may be obtained by mans of exhaust-nozzle adjustment. A 
comgarison of the slapes of the lines of constant thrust  ratio F/Feq 
in   f i gu re  14 with the lFnes of constant  hrust-area  factor k e s  
in   f i gu re  17 shows that obtaining an increase i n  engine thrust per unit 
turbine size is the more stringent requirement. If as increase i n  
thrust-area factor caQ be obtained, a higher take-off thrust per unit 
turbine  f rontal  area can be obtained by exhaust-nozzle a&justnent than 
by adding engines or increasing engine size. 
~ ( 7 )  cr,4 
. 
Because increasing the exhaust-nozzle throat area requires an 
increase in turbine-exit annular area, such operation requires tha t ' t he  
turbine  design be modified $0 sa t i s fy  the off-design  operating  require- 
ments. In  order t o  minimize this compromising of the turbine design, 
the exhaust-nozzle adjustment should be held t o  the minimum essent ia l  
t o  producing the required engine thrust during off-design operation. 
The engine specific mulse obtained with exhaust-nozzle adjustment 
is presented in  figure 18. The impulse for any given thrust level  i s  
always lower than that obtainable along the constant-geometry-engine 
operating  line. " . - .. - 
Coqressor-Exit B l e e d  
The decrease i n  turbine pressure rat io  p;/p; and the  increase i n  
turbine-inlet teaperat-we Ti associated with bleeding a i r  a t  the com- 
pressor x i t  might conceivably resu l t  i n  a r i s e   i n  engine t h r u s t  during 
Off-desiL operation. Previous work i n  this f i e l d  supports the  point of 
view that bleeding air  a t  the compressor ex i t  while keepifg the colqpres- 
sor at  a given  operating  point  results  in a reduced turbine pressure 
ra t io .  For .% case considered in reference 4) the turbine pressure ratio 
was theoretically  decreased from 4.45 t o  2.73 by bleeding 28.6 percent 
of the engine a i r  flow at the conpressor eldt and raising  turbine-inlet  
temperature from llOOo t o  2160° R while operating the caqpressor a t  a 
single operating point. Figure 3 of refkrence 6 shows that f o r  a con- 
s tan t  value of turbine torque, decreasing the turbine equivalent 
4 
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r o t a t i o n a l  speed decreases the turbine pressure ratio; equilibrium oper- 
at ion of a compressor map requires a given value of torque independent 
of the amount of air  bled, and r ising  turbine-inlet  temperature a t  a 
given engine ro t a t iona l  speed reduces the turbine  equivalent  rotational 
speed. The following questions were therefore investigated: 
(1) For an-engine that has been oversped along the constant- 
geometry-engine operating line as much as the compressor-surge character- 
i s t i c s  will permit, how  much can the engine thrust be increased by 
raising  the  turbine-inlet  temperature and bleeding air a t  tb.a compressor 
exit 3 
(2) What is the ef fec t  of such operation on the turbine design 
requirements ? 
Turbine design requirements. - The decreased turbine pressure ratio 
with increased amounts of air bled moves the turbine operating condition 
away from limited blade loading, and therefore  the  turbine design need 
not be compromised on this score. Despite the decreasing turbine pres- 
sure ratio, the  turbine work output per pound of gas passing through the 
turbine increases as the amount of bleeding is increased; the turbine 
work increases i n   t h i s  case, even though the turbine pressure r a t i o  
drops because of the @Teat r i s e  in turbine-inlet temperature. For the 
constant power required by the compressor, the turbine must produce a 
constant amount of power from a nass flow that decreases as the amount 
of bleeding i s  increased, whence the inaeasing  turbine work. 
This rise i n  turbine work a t  constant blade speed lowers the blade- 
jet speed r a t i o  U/VJ. The blade speed i s  considered t o  be constant as 
bleeding is  varied, and je t  speed is  directly proportional to the square 
root of turbine work. Consequently, 
Equation (16) is plot ted i n  figure 19. If 20 percent of the compressor 
’ a i r  flow is bled a t  the campressor exit (b PI 0.20) ,  the  blade-jet speed 
ratio i s  decreased t o  only 89 percent of the design value. Since the 
curve of turbine  efficiency  against blade- jet speed r a t i o  is usually 
still very f l a t  -Ln this  region, the turbine efficiency should be rela- 
t ive ly  unchanged from the design value. Equation (2) canbe  used t o  
show that bleeding 20 percent of t h e   a i r r e s u l t s   i n  a considerable t e m -  
perature rise,  that is 
T,! - 
3 L 
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Bleeding 20 percent thus corresponds to   ra is ing  the  turbine- inlet  t e m -  
perature by 56 percent, for example, from 1415O t o  2210° R. 
Engine performance. - The bleed air was ccnsidered t o  be used i n  
three ways: (1) It was ditrcarded without producing thrust; (2 )  air a t  
t h e   t o t a l  state prevailing at the compressor exit was expnded t o  
atmospheric pressure and used t o  produce thrust; (3) the bleed air was 
heated t o   t h e  turbine-inlet temperature and then expanded to atmospheric 
pressure i n  order t o  produce thrust;  in  a pract ical  case, t h i s  hot gas 
would be bled a t  the exit from the primary burner. 
- . . . .. . - . . . 
The result ing engine thrust is shown in figures 20 and 2 1  fo r  two 
kinds of operation, n a m e l y ,  using the bleed air  t o  produce thrust  and 
discarding the bleed air .  For the  Mach 3.0 engine with 20-percent 
overspeed, raising the turbine-inlet "temperature to   the   ra ted  value of 
3000' R and using the  bleed air t o  produce thrust increases  the  engine 
t h r u s t  by 28 percent; i f  the bleed air is discarded, the thrust rise is  
only 10 percent. The c i rc les  i n  figure 20 represent engine thrust:  
values obtained a t  20-percent overspeed i f  the  bleed air i s  a t  rated 
turbine-inlet temperature. For the Mach 3.0 en@;ine, the ' total  thrust-  
r i s e  above the value for no bleed with 20-percent o.versp&d i s  38 per- 
cent, the 10-percent .increment result ing from the high bleed tempera- 
ture.  These thrust increases are somewhat i e s s  than those obtainable 
by means of turbine stator adjustment and compressor overspeeding. 
.. . .. 
For the Mach 3.0 engine with a 20-percent overspeed, increasing 
turbine-inlet temperature t o  the rated value p m f t s  bleeding 1 7  percent 
of engine a i r  flow. This air could be used during off-design operation 
t o  cool various parts of the engine fo r  which ram a i r  i s  used during 
high-speed flight; thus a .yaluable characterist ic of compressor-efit 
bleed i s  used despite - i ts  poor thrust characteristic. 
Figure 22 shows the engine specific impulse that can be obtained 
with compressor-exit bleed. As may w e l l  be eqected,  compressor-exit 
bleed has poor impulse characterist ics.  
Turbine Stator Adjustment 
U s e  of turbine stator adjustment for design-point operation of %he 
compressor was investigated in reference 1. T h i s  is, of course, not the 
only way i n  which turbine stator adjustment could be used. If, f o r  
example, the engine equivalent rotational speed were raised above the 
design value along the constant-geometry-engine operating l h e ,  a speed 
would eventua l ly  be reached above which a further speed increase would 
r e su l t  in  compressar surging. Turbine stator adjustment could be 
employed i n  conkination with exhaust-nozzle adjustment t o  keep the com- 
pressor operating at  this po-lnt, and the turbine-inlet temperature could 
then  be  increased t o  obtain even higher engfne . . t h r u s t .  .. 
. 
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A second way t o  use turbine sta.tor adjustment i s  t o  depart from the 
constant-geometry-engine operating line after surging has been encoun- 
tered. Use of higher engine r o t a t i o n a l  speed would increase the engine 
w e i g h t  flow and perhaps thereby increase the engFne thrust .  Both appli- 
cations of turbine  stator adjustment a re  considered herein; only the 
maximum, or  design, value of turbine-inlet temperature i s  employed. 
8 
M 
On operating line. - In  figure 23, the engine t h r u s t  with turbine 
s t a to r  adJustment is compared with that of the constant-geometry engine 
for a range of compressor equivalent rotational speeds. A t  a l l  speeds 
less  than  rated  actual speed, the engine with turbine stator adjustment 
is  capable of producing greater thrust. For the Mach 3.0 engine, this 
t h r u s t  advantage i s  225 percent at  design equivalent rotational speed 
and 144 percent a t  120 percent of design equivalent speed. The advantage 
of turbine s t a t o r  adjustment diminishes a t  the higher rotational speeds. 
The r i s e s  in weight flaw and coqressor  pressure r a t i o  with rotat ional  
speed r a i se  engine thrus t  even for an engine wlth turbine stator adjust- 
ment. If the compressor is capable of being oversped by a suff ic ient ly  
great amount, the greatest  engine thrus t  for take-off is obtained by 
rais ing the ro t a t iona l  speed t o  the design value. For t h i s  operating 
condition, no turbine s t a to r  adjustment is required. The scale of 
turb ine- in le t  c r i t i ca l -a rea  ra t io  (A/&es)cr,3 03 the abscissa shows 
- 
-Y 
Q 
that f o r  s m a ~  amounts of conq?ressor overspeed, a r g e  changes in  turbine-  
inlet  cr i t ical-area rat io  are  required,  and a t  high overspeed only 
snvzll changes inturbine- inlet  cr i t ical-area rat io  are  necessary.  
For the Mach 3.0 engine a t  design equivalent r o t a t i o n a l  speed, the 
turb ine- in le t   c r i t i ca l -a rea   ra t io  (A/%,,) =, ad, concomitantly, 
the turbine-inlet equivalent weight flow % 4 / 6 ;  must be increased 
by 45 percent i n  order f o r  the turbine-inlet  temperature t o  be increased 
to the design value of 3000° R. A s  reference 1 s h m ,  the actual area 
must be increased considerably more than 45 percent in order t o   r ea l i ze  
this 45-percgnt increase i n  equivalent flaw. 
The var ia t ion in  turbine-exi t  cr i t ical  area A, with engine r, 4 
equivalent r o t a t i o n a l  speed is sham in  figure 24. Since both the Mach 
2.5 and the Mach 3.0 engines have design conditions that l i e  a l i t t l e  t o  
thE left  of the break-even point   in   f igure 2 of reference 1, increasing 
the engine temperature ratio and adjusting  the  turbine  stator result i n  
i n i t i a l l y  a small decrease and then an increase i n  the turbine-exit 
c r i t i ca l  a r ea  ratio (A/Aaes) cr,4. Because at  low compressor equivalent 
rotat ional  speeds a large increase i n  turbine-inlet temperature is 
required t o  proceed from constant-geometry-engine operation t o  operation 
with turbine s t a to r  adjustment a t  rated turbine-inlet  temperature, an 
increase in turbine-exit critical area resul ts .  A t  high compressor 
equivalent ro t a t iona l  speeds, only a small rise in turbine-inlet temper- 
a ture  produces the change from constant-geometry-engine operation t o  
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operation w i t h  turbine s ta tor  adjustment a t  rated turbine-inlet temper- 
ature, with the  resul t  that turbine-exi t   cr i t ical  area ra t io s  
(A/Ades)cr,4 lesa than unity are obtained and the turbine moves  away 
from limiting blade loading. A r i s e  in the turbine-exit  cri t ical  area 
AcrY4 above the design value is  undesirable, because the turbine design 
must then be comprorhised in order t o  avoid limit& blade loading and ~ 
thereby t o  permit satisf'actory operation during take-off. 
" " . . 
The effect  of theae changes i n  , turbine-exit   cri t ical   area on engine 
thrust per unit turbine size is- shown in  f igure 25; as previously, the 
thrust-area factor - - is used ta express take-off thrust 
per unit turbine size.  For that par t  o f  the..operating range fo r  which 
the turbine-exit  cri t ical-area ratio i s  less than unity, the thrust 
r a t i o  F/Feq is also plotted.  In t h i s  range, the thrust r a t i o  F/Feq 
expresses the variation in  engine take-off thrust per unit turbine size, 
because the turbine must be designed for the Largest value of kr-4 
encountered over the operating range, and a value less than the design 
value cannot be exploited during the off-design operation. The size of 
the thrust-area factor with turbine  stator adjustment i s  always greater 
than without, the advantage decreasing as engine speed rises. 
Feq t ? s L , 4  
The var ia t ion  in  engine specific impulse with turbine stator adJust-  
ment is presented i n  figure 26. A t  low Co;mpresdOr equivalent rotational 
speeds, the thrust increase yielded by turbine stator adjustment is 
obtainable a t  the expense of a decrease in engine specific impulse. At 
high engine equivalent rotat ional  epee&, not only high engine thrust ,  
but also high engine specific Fmpulse, is obtainable %y means of turbine 
s ta tor  adjustment. If the compressor is capable of being oversped 
sufficiently, constant engine geometry is superior t o  turbine s ta tor  
adjustment without overspeed in  the  fol lowing respects: engine thrust, 
engine specific inq?ulse,  and compromising of the turbine desi-. Con-- 
stant  engine geometry is  infer ior   to   the   ex ten t   to  which the compressm. 
design must be compromised to  include the overspeed . .. capacity. 
O f f  operating line. - Lines of constant engine thrust are plotted 
on compressor-map coordinates in figure 27 in order t o  show the effect  
on engine  performance .of t q b i g e  stator .adJustment ". . - . . ". . ". . - . . off .. . the . . constant- 
geometry-englne operating line. If a compressor i s  oversped along the 
constant-geometry-engine operating line Until surging is reached, addi- 
tional engine thrust  can be obtained if the compressor-surge l i ne   r i s e s  
significantly t o  the right of the constant-geometry-engine operating 
line. The criterion for greatest  thrust is, -as  before, %choose a8 an 
operating condition that point along the surge line a t  which the surge 
l ine becomes tangent t o  one of the family of l ipes  of comtant thrust 
r a t i o  F/Feq in figure 27. For any given  surge line, considerably 
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greater   r ises   in  engine t h r u s t  resul t ing from departure from the oper- 
a t ing  l ine may be obtained w i t h  turbine  stator adjustment than with 
exhaust-nozzle adjustment. Figure 28 shows, on the other hand, that 
these rises in  take-off t h rus t  a r e  a t  the expense of increased turbine- 
e x i t   c r i t i c a l  area and thereby a penalty i n  turbine esign-point per- 
f ormance. Lines of constant thrust-area factor - - 
plotted i n  figure 29 t o  a id  in judging for any given compressor-surge 
characterist ic if any gain i n  take-off t h r u s t  per  unit  turbine size can 
be obtained by leaving the operating line. Figure 30 shows that, fo r  any 
given thrust level, operation off the operating line produces a decrease 
i n  engine specific impulse. 
Feq F tkis)cr,, m e  
Effect of C h a n g i n g  Compressor Characteristics 
The compressor performance presented i n  reference 7 was used t o  
determine the  effect  of using compressor characteristics other than 
those assumed herein. For a constant-geometry-engine operating line on 
t h i s  compressor mp, the turbine-inlet equivalent weight flow 
w 3 ~ / 6 ;  and the turbine pressure r a t i o  pgp; w e r e  assumed t o  be 
constant. For a constant value of turbine efficiency, engine thrust was 
computed for  operation  along an operating line that lies  near  the  surge 
l ine;   the  rotational speed designated as rated i n  reference 7 was not 
exceeded f o r  take-off. In figure 31, engine thrust  is shown t o   r i s e  
more rapidly  with blade speed than for  the  conditions assumed herein; 
the  principal  reason for this i s  the more rap id   r i se  i n  weight flow. 
The trends of engine thrust with r i s ing  compressor speed indicated 
herein are pessimistic in comparison w i t h  these results. Even with 
these characteristics, t he  predicted trends in  engine performance are 
essentially  those based on the assunghions of this analysie. 
Cr i t i ca l  Comment 
Of the four types of engine off-design operation cansidered, 
compressor overspeeding is the type that appears most promising, 
because it provided the highest engine th rus t  during low-speed flight. 
Another reason i s  that,  as an aid in obtaining superlative turbine 
design-point perforniance, the turbine design conditions can be made 
c r i t i c a l  w i t h  the assurance that the  aperating  conditions do not tend to 
become even more c r i t i c a l  during engine off-design operation. The 
principal problem is whether or not compressors can provide much of an 
overspeed Ilrargin without  seriously compro&ing the i r  desfgn-point  per- 
formances. If, in attempting t o  provide overspeed rmrgin i n  a compressor 
design, the compressor surge line on the comgressor map falls below the 
anticipated  level of compressor pressure ratio, small variations  in the 
location of the compressor surge line can be conpensated for by small 
adjustments of the e-ust-nozzle throat area. 
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Exhaust-nozzle adjustment requires that the turbine be =de larger. 
Ideally, the engine design thrust   per  unit  of turbine-tip  frontal   area 
w i l l  be inversely  proportional  to  the mxlmum value of exhaus-t;=nozzle 
throat area. In  practice, exhaust-nozzle adjustujent w i l l  be somewhat 
more attractive than the analysis shows, because, i n  order t o  provide 
some margin fo r  error i n  engine design, the turbine will very l ikely not 
be designed a t  the rotor blade-loading limit. This rnargin in turbine 
work capacity can then  be  exploited t o  permit same exhaust-nozzle 
adjustment without sacrificing engine design-point performance. Another 
reason i s  that near the surge  line the colqeressor efficiency does not $3 
fa l l  as the operating point i s  moved away from the surge line along a 
l ine  of constant equivalent rotational speed; instead, there is  a plateau 
of high efficiency followed by a region  ofaecreasing  efficiency, the 
region of decreasing  efficiency  closely  paralleling the trend described 
herein. I n  particular,  these two factors, the inherent small margin in 
turbine work capacity and the compressor efficiency plateau, greatly- 
improve the competitive position of exhaust-nozzle aajustment if only 
small amounts of adjustment are employed. 
0 to 
U s e  of compressor-exit bleed during take-off and low-speed f l i g h t  
m y  be required by engine cooling requirements. The high ram-pressure 
r a t i o  which is available during high-speed f l i g h t  may permit use of ram 
ai r  for cooling many parts of the engine, conceivably even the turbine 
blades. Such use of compressor-exit bleed during low-speed flight resu l t s  
i n  a t h r u s t  penal ty   in  comparison with turbine stator adjustment in com- 
bination with compressor overspeeding. 
For a certain range of engine design conditions, application of 
turbine  stator adjustment requires that the turbine  size be made greater 
than would be the case if turbine stator adjustment w e r e  not employed 
(see ref. 1). For that range of engine design condition8 for which use 
of turbine stator adjustment does not require increasing the turbine 
size, one of the principal questions affect- application of turbine 
s ta tor  adJustment is the amount by which the turbine  efficiency  varies-. 
Reference 1 shows that the rotor-entrance relative flow angle varies 
from the design value by an amount that increases as the amount of 
s ta tor  adjustment increases. For a given increment of s ta tor  adjustment, 
the effect  of this var- angle of incidence on turbine efficiency 
should be small near the design po-lnt and larger  for  operating condi- 
tions considerably removed from the turbine design point. Combining 
turbine  stator adjustment with compressor overspeeding reduces the 
amount of tuPbine s ta tor  adjustment required t o  reach the design value 
of turbine-inlet temperature and thereby decreases any penalty  in tur- 
bine efficiency  associated wlth turbine stator adjustment. 
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For two turb o j e t  engin 
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CONCLUSIONS 
,es designed f o r  f l i g h t  
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a t  f l i g h t  Mach nuuibers 
of 2.5 and 3.0, engine operation during take-of f was analyzed for  four 
methods of operating the engines off-design. The off-design operational 
methods were compared on the  basis  of engine thrust, engine specific 
impulse, and the operating requirements tat the compressor and turbine 
must fulfi l l .  The way in which a given e w e  should be operated off-  
design depends on the characterist ics of i ts  pa r t i cu la r  compressor and 
turbFne. Because the characterist ics of each set of  components w i l l  
d i f fe r  one from another, no one mode of operation can be selected as 
best f o r  a l l  engines and operating conditions. This analysis indicates 
the methods that appear t o  be most promising and the Way in which they 
can best  be exploited. The following conclusions about engine o f f -  
design  operation w e r e  drawn from this   analysis :  
1. If the compressor is capable of operation in a constant-geometry 
engine a t  equivalent rotational speeds considerably above the design 
value, highest engine thrust and highest engine specific impulse are 
obtained with compressor overspeed operation. Sfnce during such engine 
off-design operation the turbine operates at  i t s  design point, the tur- 
bine can be designed very near tolerable operating limits. 
2. Turbine s t a t o r  adjustment i n  conibination with compressor over- 
speeding i s  better than turbine s t a t o r  adJustment alone. Engine equiva- 
len t   ro ta t iona l  speed should be raised as much as the compressor-surge 
characterist ics w i l l  permit, and the  additional thrust required should 
then be obtained by means of a further  increase in turbine-inlet  tem- 
perature i n  combination with turbine stator adjustment. 
3. If the compressor-surge characterist ics Umit the turbine-inlet  
temgerature t o  values less than the rated value, compressor-exit bleed. 
can be used t o  permit an addLtiona1 rise i n  turbine-inlet  temperature. 
This bleeding cas provide restively large mounts of cooling air during 
take-off operation. The turbine operation mves away from limitfng blade 
loading during such off-design operation, and the blade-jet speed r a t i o  
varies  by a comparatively small amount. 
4. For the assumed compressor characteristics, increasing engine 
thrust  by means of exhaust-nozzle adjustment requires an increase i n  
turbine  size and thereby results in  rather severe penalties in turbine 
design-point performance. 
Lewis Flight  Propulsion  Laboratory 
Nat ional  Advisory Committee for  Aeronautics 
Cleveland, Ohio, Septeniber 29, 1953 
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Figure 1. - Cross section of turbojet engine shoving locatlon of numericel stations. 
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Figure 2. - Area available on compressor map for  overspeed 
operation. 
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Figure 3. - E f f e c t  of opera t ion  with constant equiva len t  speed 
and adjustable  exhauet-nozzle  area on compressor operating 
condi t ion .  
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(a) Compressor equivalent weight flow. 
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(b) Compressor pressure ratio. 
Figure 5. - Effects of compressor overspeeding.  
36 NACA RM E53J01 
.. . 
NACA RM E53J01 37 
1.04 1 .oa 1.12 1.16 1.28 1.32 
Compressor equivalent weight-flow ratio, 
I I I I I I I 
1.0 1.1 1.2 1.3 1.4 1.5 1.6 
U / I K  
Compressor equivahnt blade-apced r a t io ,  " I 
( w q a e a  
(b) Desiga compreasar pressure ratio, 3.0. 
F i g u r e  6 .  - Continued. Constant-geometry-e&ne opereting line on ccmpresaor map, shasing affect 
of des ign  compressor pressure ratio. Design compressor-intet axial Mach number, 0.50. 
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Figure 6 .  - Continued. Constant-geometry-engine operat- line on colspressor pap, sbwlag affect 
of design conpcsaar pressure r a t io .  Kmsign conlpressor-inlet axial- Mach number, 0.50. 
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(a) Design compressor pressure ratio, 6.0. 
Figure 6. - Concluded. Constant-8-try-engins operating line on ccapresacr map, mhcKlng effect 
of des- cmressor pressure ra t io .  Dssign ccnpresmr-Wet axial EIach mrmber, 0.50. 
(a) D e s L g n  compreeeor-inlet ax ia l  Mach number, 0 .3 .  
F igure  7 .  - Effect of deaign compressor-inlet ax ia l  Mach number on conetant- 
geomtry-engine operating line and on  campressor map. B e i g n  conweasor 
pressure ratio, 3.0. 
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Figure 7 .  - Ccutinusb. E f f e c t  of tlesigu ctxeraeaor-inlet axial  ldach number ou conatant-geometry- 
engine operating linc and on -reasor map. Design cm#ressor preesure ratio, 3.0. 
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(c) Design compressor-inlet axial Mach number, 0.7. 
Figure 7. - Concluded.  Effect of design compressor-inlet axial Mach 
number on constan~-g~ometry-enine operating line and on compressor 
map. Design compressor  pressure ratio, 3.0. 
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(a) Design compressor-inlet axial Mach number, 0.5. 
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(b) Design compressor pressure ratio, 3.0 
Figure 8. - Effect of compressor design variables on required 
values of compressor adiabatic efficiency along constant- 
geometry-engine operating line. 
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Figme 9 .  - Variation in local compreaeor polytropic efficiency along conatant-"cry- 
engine operating Ilns Flith b a i g n  ccmgrcsaor pressure ratio and &ai@ ocmlpreasor- 
inlet axial Mach number. 
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Figure 10. - Effect of compressor desi- variables on local compressor 
polytropic efficiency along constant-geonaetry-engine operating line 
for design compressor-inlet axial Mach rimer of 0.5. 
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Figure 11. - Effect of compressor  overspeeding on engine thrust. 
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Figure 12. - Variation i n  engine specif ic  impulse with engine thrust for 
compreeeor overspeeding. 
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(a) Surge line and constant-geometry-engine  operating  line  intersect 
at small acute angle. 
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(b) Surge line and  constant-geometry-engine  operating line intersect at large acute 
angle. 
Figure L3. - Sketch repreaenthg effect of exhamat-nozzle  adjustment in combination 
with  compressor overapeding on engine tbruat during take-off. 
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( a )  Mach 2.5 engine. 
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Figure 14. - Compressor map for  exhaust-nozzle adjustment, 
shoxing lines of constant engine thrust. 
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Figure 14. - Concluded. Compressor map for exhaust-nozzle adjustment, ehouing line6 
of coneteat engine thrust. 
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Figure 15. - Operating condition fo r  maximum thrust. 
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Figure 16. - Compressor map for exhaust-nozzle  aajustment, 
showing  lines of constant  engine  thrust and turbine-exit 
critical area. 
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(b) Mach 3.0 engine. 
Figure 16. - Concluded. Compreseor nmp for exhaust-nosele adjuetment, ahowing l i n e a  
of conetant engine thrust and turbine-exit critical area. 
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Figure 17. - Compressor map for exhaust-nozzle adjustment, 
showing lines of constant thrust-area factor.  
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(b) Mach 3.0 engine. 
Figure 17. - Concluded. Compreseor mep for exhauet-nozzle  adjustment, ahoxing llnee 
of conaanrtrtbruet-area factor. 
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Figure 18. - Variation in engine specific impulse with engine thrust and 
compressor equivalent blade speed for exhaust-nozzle adjustment. 
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Figure 19. - Effect of compressor-exit bleed on blade-jet 
speed r a t io .  
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(a )  Mach 2.5 engine. 
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Figure 20. - Variation in engine thrust with take-off turbine- 
in le t  temperature and compressor equivalent blade speed for 
compressor-exit bleed. Bleed a i r  used. 
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(a) Mach 2.5 engine. 
Figure 21. - Vari-ation o f  engine thrust  with take-off turbine- 
inlet temperature and compressor equivalent blade speed for 
compressor-exit bleed. Bleed a f r  discarded. 
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(b) Mach 3.0 engine. 
Figure 22. - Variation in  engine  specific impulse with engine 
thrust and compressor  equivalent blade speed for compressor- 
exit  bleed. Bleed air discarded. 
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Figure 23. - Variation in engine thrust with compressor 
equivalent blade speed and tu rb ine- in le t  c r i t i ca l  
a rea  for  turbine stator adjustmnt along constant-  
geometry-engine operating line. 
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Figure 23. - Concluded. Variation in  engine thrust  with com- 
pressor equivalent blade speed and turbine-inlet   cri t ical  
area for turbine stator adjustment along constant-geometry- 
engine operating line. 
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(b) Mach 3 .0  engine. 
Figure 24. - Variation in turbine-exit critical area 
with compreeeor equivalent blade speed for turbine 
atator adjuatment along constant-geometry-engine 
operating line. 
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F l w e  25. - Variation In thrust-area factor d t h  aompreeaor equivalent blade speed for turbine 
stator adjustment along constant-geometry-engine operating l ine .  0) 4 
. .  
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(b) Mach 3.0 engine. 
Figure 26. - Variation  in  engine specific impulse nith engine 
thrust  for turbine stator  adjustment along constant-geometry- 
engine  operating line. 
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Figure 27. - Compressor map for  turbine  stator  adjustment off 
constant-geometry-engine operating  line, showing lines of 
constant engine thrust. 
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F igure  27. - Concluded.  Compreeeor nmp for turbine  atetar adjustment off constant- 
geometry-engine  operating line, ehowing l ines of conetant  engine  tbruat. 
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(a) Mach 2.5 engine. 
Figure 28. - Compressor map for turbine stator adjustment 
off constant-geometry-engine operating line, showing 
l ines  of constant engine thruat and turbine-exit critical 
area. 
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Figure 28. - Concluded. Compressor mep fo r  turbine etator edjustnsent off constant- 
geometry-engine operating l i ne ,  showlng lines of constant engine thruet and turbine- 
exit c r i t i c a l  area. 
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(a> Mach 2.5 engine. 
Figure 29. - Compressor map for turbine  stator  adjustment off 
constant-geometry-engine operating line, showing lines of 
constant  thrust-area  factor. 
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(b) Mach 3.0 engine. 
Figure 29. - Conclude&. Compreeaor map for turbine stator aajwtment off  constant- 
geolmetry-engine operating l ine ,  ehavlng l i nes  of constant thruet-area factor.  
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Figure x). - Variation i n  engine specific impulse with engine 
thru8t and aompre6sor equivalent blade speed for turbine 
s tator  adjuetrnent off Lbnstant-geometFy-engine operating l ine .  
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Figure 31. - Effect  on engine thrust  of overspeeing IO-Etage 
axial-flow compressor of reference 7. 
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(b) Mach 3.0 engine. 
Figure 31. - Concluded. Effect on engin8 thrust of overspeeding 10-stage axial- 
flow compressor of reference 7. 
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